We calculate the two-body strong decays of the orbitally excited scalar mesons D * 0 (2400) and D * J (3000) by using the relativistic Bethe-Salpeter (BS) method. D * J (3000) was observed recently by the LHCb Collaboration, the quantum number of which has not been determined yet. In this paper, we assume that it is the 0 + (2P ) state and obtain the transition amplitude by using the to the present experimental data. Therefore, D * J (3000) is a strong candidate for the 2 3 P 0 state.
I. INTRODUCTION
In recent years, many new charmed mesons have been discovered experimentally, including lots of orbitally high excited states. For example, in 2004, the FOCUS Collaboration [1] and the Belle Collaboration [2] observed the D calculations give the similar decay widths of these two channels. However, D J (3000) was only found in D * π spectrum, while D D * 0 (2400) and D * J (3000), and compare them with other researches. Summary and conclusion are presented in Sec. IV.
II. TWO-BODY STRONG DECAY
We take the channel D * By using the reduction formula, the transition matrix element can be written as where, φ π is the light pseudo-scalar meson field. By using the PCAC relation, the field can be expressed as [24] 
where M f 2 is the mass of π, and f π is its decay constant.
Inserting Eq. (3) into Eq. (2), the transition matrix can be written as
According to the low energy theorem [24] , the momentum of the light meson is much smaller than its mass and can be ignored. Then the Feynman diagram turns to Fig. 2 and the amplitude can be written as
Besides using the PCAC rule and low energy theorem, we also use the effective Lagrangian method to get the transition amplitude of this process and the results of these two approaches are consistent. The Lagrangian is introduced by [11, 23, 25] ,
where
is the chiral field of the pseudoscalar meson. The quark-meson coulping constant g is taken to be unity and f h is the decay constant.
Within Mandelstam formalism [26] , we can write the hadronic transition amplitude as the overlap integral over the relativistic wave functions of the initial and final mesons [27] 
where q and q f 1 are the relative momenta between quark and anti-quark in initial and final meson, respectively. For the initial meson The BS equation of two-body bound state can read in momentum space as [18, 22] 
where χ P (q) is the four-dimensional BS wave function; I(P ; q, k) is the interaction kernel; S 1 and S 2 are the propagators for the quark and anti-quark respectively.
We follow Salpeter [19] to take the instantaneous approximation I(P ; q, k)
The three-dimensional salpeter wave function ψ(q ⊥ ) is defined by
In this work, we adopt the Cornell potential as the interaction kernel I(r) as follow form [20, 22] 
where λ is the string constant, α s (r) is the running strong coupling constant and V 0 is an adjustable parameter fixed by the meson's mass. In momentum space, the potential can read as
where the coupling constant α s ( q) is defined by:
In the above process, we take the instantaneous approximation in the interaction kernel, where we omit the retardation effect. According to the results of paper [28] [29] [30] , this effect affects much on the light mesons, but has limited influence on the heavy-flavor mesons, because these mesons have larger mass values. In addition, retardation effect mainly affects the mass spectra prediction. When we calculate the decay width, we adjust the V 0 to match the experimental data, which further reduces this effect. The results of our previous work [22, 31] are agree with experimental data very well, so the instantaneous approximation is applicable for heavy-light mesons.
Then, we express the relativistic wave function of a scalar meson with instantaneous approximation (P i · q = 0) as
where f ai (i = 1, 2, 3, 4) are the functions of q 2 ⊥ and their value can be obtained by solving the full Salpeter equations. It is notable that ϕ 0 + (q ⊥ ) is a general form for J P = 0 + states and the items containing q are the high order relativistic corrections.
Within BS method, the four wave functions f ai are not independent, they have the following relations [32] 
⊥ . In our calculation, we only keep the positive energy parts ϕ
(q i⊥ ) of the relativistic wave functions because the negative energy part contributes too small [23] . The positive energy part of the wave function can be written as
To calculate the values of wave functions, we should determine the parameters' values in the interaction kernel. We try to fix V 0 by the mass of the ground state. In this case, the theoretical mass of D * J (3000) is much less than the present experimental data. Thus, we adjust V 0 to make its mass value be equal to the experimental data, then get the wave functions. In this work, besides the wave function for 0 + state, we also need the wave
, which are presented in the appendix.
After finishing the integral, we can get the amplitude of 0
where n 1 and n 2 are the form factors. They are the overlap integral over the wave functions of the initial and final states.
If the final light meson is η or η , the η − η mixing should be considered
where η 1 = (uū + dd + ss)/ √ 3 and η 8 = (uū + dd − 2ss)/ √ 6, we choose the mixing angle
. Then, we get the transition amplitude with an extra coefficient after considering the mixing
In the case when heavy-light 1 + state is involved, if we use the S-L coupling, the 3 P 1 and 1 P 1 states cannot describe the physical states. Within the heavy quark limit(m Q → ∞), its spin decouples and the properties of the heavy-light 1 + state are determined by those of the light quarks. So j-j coupling should be used instead. The orbital angular momentum L couples with the light quark spin s q , which is j l = L + s q . Then 1 + state can be grouped into a doublet by the total angular momentum of the light quark(|j l = 1/2 and |j l = 3/2 ).
The relation between the two descriptions are [34, 35 ]
In our method, we solve the Salpeter equations for 3 P 1 and 1 P 1 states individually, and use these mixing relations to calculate the contributions of two physical 1 + states. We list some mixing states related to our work
In our calculation, for these doublets, we choose the ideal mixing angle θ = 35.3 • in the heavy quark limit.
For the 3 P 1 (1 ++ ) and 1 P 1 (1 +− ) states, the corresponding hadronic transition amplitudes are
where ε is the polarization vector of the 1 + state; t 1 and t 2 are the form factors. Then, the form factors of the physical states are
The PCAC rule can only be applied to light pseudo-scalar mesons and it is not valid for light vector meson. If ρ or ω meson appears in the final states, we choose the effective Lagrangian method to calculate the transition amplitude. The Lagrangian of quark-meson coupling can be expressed as [11, 23, 25 ]
where V µ ij is the field of the light vector meson; q i andq j are its constitute quarks. And we choose the parameters a = −3 and b = 2 which represent the vector and tensor coupling strength [23] , respectively. Then we use Eq. (26) to derive the light-vector meson's vertex and get the transition amplitude
After finishing the trace and integral, the transition amplitudes can be expressed as
where ε 1µ and ε 2ν are the polarization vectors of final heavy vector meson and the light vector meson, respectively; t 1 , t 2 and t 3 are the form factors.
Then, the two-body decay width can be expressed as
where P f 1 is the three-dimensional momentum of the final charmed meson
III. RESULTS AND DISCUSSIONS
In this paper, the masses of constituent quarks that we adopt are listed as follows: 
923 GeV, and M η 8 = 0.604 GeV [23] . The masses of other involved mesons are shown in Table III . We first calculate the the decay widths of the 1P states. It only have two OZI-allowed decay channels and the results are presented in Table IV . In the case of D * 0 (2400) 0 , the [33] ) and these experimental masses value have divergence with different theoretical predictions [7, 10, [13] [14] [15] , we give the two-body decay width changing along with the initial meson mass from 2300 MeV to 2420
MeV, which is shown in Fig. 3(a) . The neutral one's total decay width changes from 214.0 to 287.2 MeV, and the charged one's is from 212.7 to 289.0 MeV . We believe that these OZI-allowed decays happen around the mass threshold, which results in such sensitivity of decay width to the initial 1P state mass.
In Table IV , we also list the results from other models [3] [4] [5] as well as the experimental results for comparison. According to Table IV and Fig. 3(a) , we conclude that our results of the 1P states are consistent with experimental data, which means we can apply the same method to study the 2P states. (Fig. 4(a) ), while the wave functions of the 2P state have a node (Fig. 4(b) ). The wave function values after the node become negative and it makes contrary contribution to the positive part, which will cause cancellation in the overlap integral between these two parts. The node structure reduces the decay width of the 2P state. although the phase space is narrow, the decay width of D(2 1 S 0 )π channel is not very small.
0 and D 1 (2420)( 3 P 1 state) contribution from large internal momentum q is significant, we can conclude that relativistic corrections are considerable. In Fig. 4(e) , for the 1S state, the peak value of the wave function appear in the region of small q, while for the 1P state, in Fig. 4 
Considering many theoretical prediction of the mass are lower than 3000 MeV [7, 10, [13] [14] [15] and the properties of these states could be revised after more experimental data collected, we also calculate the total width changing with the mass from 2900 to 3020 MeV, which is shown in Fig. 3(b) . The total width of the neutral one ranges from 135.6 to 126. 
IV. SUMMARY
In this work, we study the two-body strong decay properties of two orbitally excited scalar D mesons by the improved BS method. Our results of the D * 0 (2400), as the 0 + (1P ) states, are consistent with the present experimental data, which shows the suitability of our method.
However, the sensitivity of decay width to its mass means more precise measurements are needed. For the 0 + (2P ) assignment of D * J (3000), the full decay width is about 131 MeV, which is a little higher but close to the present experimental data. Besides the Dπ mode, we find Dρ and D 1 (2420)π channels also contribute much to the full width, and they can be helpful in the further investigation. Considering the theoretical uncertainties from relativistic corrections of highly excited states and the preliminary experimental data at present, D * J (3000) is still a strong candidate for the 2 3 P 0 state. We expect more experimental and theoretical efforts on this newly discovered resonance.
where constraint conditions are
The positive part is expressed as
(A-4) 
(B-6)
The positve part of the wave function is
where the conefficients are
